Coalbed methane production relies on dewatering of coal seams to allow gas flow, and injection of carbon dioxide to maintain effective reservoir pressure. Both production methods alter the acoustic impedance and reflectivity within coal strata. Numerical modeling suggests that time-lapse seismic imaging may be effectively used to image the changes in a coalbed methane reservoir that result from dewatering and gas injection. Seismic responses of coal seams change due to differences in the acoustic impedance of the coal, and decreased velocities within coal zones results in delayed arrival times for deeper reflectors. Modeling provides "proof of concept" prior to a field trial.
Introduction
Ever-increasing levels of greenhouse gases in Earth's atmosphere may contribute to climate change, including draught, heavy storms, and heat waves [Chadwick et al., 2000] . Subsurface sequestration of CO 2 in depleted oil/gas reservoirs, coal beds, and aquifers is a potential method of reducing emissions into the atmosphere [Wawerski & Rudnicki, 1998 ]. Injection of gases into coalbeds also stimulates the production of coalbed methane, a valuable energy source currently being tested for viability in the Western Canada Sedimentary Basin.
Coalbed methane (CBM) production is dependent on a number of geological factors, one of the most important being the degree of cleating. Cleating is a mining term referring to naturally occurring fractures within coal; in coal bed methane production, desorbed gas travels via cleats to the wellbore. Typically, coal cleats are filled with water, which is drained before methane production commences. Unlike conventional gas reservoirs, methane is stored adsorbed into micropores within a coal seam, and must be desorbed before production. The partial pressure of methane must be lowered to desorption pressure, typically accomplished by dewatering the coal seam. Thus, dewatering allows methane to be desorbed and also clears the fairway such that gas may travel through the reservoir; but often lowers the reservoir pressure to such a degree that production is impeded. Enhanced production is possible by maintaining reservoir pressure through gas injection.
Coal displays a higher affinity for carbon dioxide than for methane at a ratio of 2:1 [Bachu, 2000] , so injection of carbon dioxide forces desorption of methane while maintaining adequate reservoir pressure. Injection of carbon dioxide results in greatly increased production rates (Figure 1 ) and increased total methane production.
Figure 1:
The effect of greenhouse gas injection on coalbed methane production rate over time. Injection of either nitrogen (N 2 ) or carbon dioxide (CO 2 ) greatly improves production. Injection begins after year 1. (Modified from Gunter et al., 1997) Previous seismic work related to coal has examined the reflectivity and resolvability of thin coal beds in the subsurface. Coal has low seismic velocity and low density with respect to its bounding strata. Gochioco (1991) noted that although coal seams are extremely thin with respect to seismic wavelength, their exceptionally large acoustic impedance contrast with surrounding rocks results in distinct reflections. Often the limit of resolution of coal beds is closer to λ/8 rather than the traditional λ/4. Because of this large acoustic impedance contrast, the limit of detection of coal seams is also less than that for other strata, and may be as small as λ/40 (Gochioco, 1992) . Lawton and Lyatsky (1991) examined coal reflectivity based on density contrast, demonstrating that density logs alone may be used to model the seismic response of coal beds.
Numerical modeling conducted on a model of thin coal-bed strata found at Willow Creek, Alberta (Richardson et al., 2001 ) tested the viability of imaging thin (<1.5 m) coal seams using reflection seismology. The coal interval is shown to be mappable using seismic reflection techniques, although it is unlikely that individual seams in the zone could be resolved in field data, regardless of depth. Although the coals have large impedance contrasts with respect to host strata, seismic reflectivity is diminished because individual coal seams are so thin. In the model, coal seams are thin purple beds, yellow beds are sandstone, and grey beds represent shales. Seismic modeling was conducted using normalincidence raytracing and convolution with a 100 Hz Ricker wavelet. The small discontinuous coal seam highlighted by the arrow is well imaged, as are other more continuous events.
Economic coalbed methane development must be in seams greater than 1.5 m thickness, however, and Lyons (2001) has demonstrated the effectiveness of seismic surveys in illustrating previously unknown structure and fracture trends in the Ferron coalbed methane field of the San Juan Basin. Also, multicomponent seismic over the Cedar Hill field indicated previously undetected compartmentalization and heterogeneity of the reservoir (Shuck et al., 1996) . Seismic surveys are quickly becoming a valuable tool in the coalbed methane development process. Time-lapse imaging may further increase their usefulness, and this study addresses this issue.
Methods & Results
Carbon dioxide injection and the removal of water, the necessary steps in enhanced CBM recovery, affect the bulk density and seismic velocity within a geological formation. These changes in density and velocity in turn affect the amplitude and travel times of reflected seismic waves (Gunter et al., 1999) . A site in Alberta has been selected to test both coalbed methane production and geological sequestration of CO 2 by injection into the Ardley coal zone at a depth of approximately 300 m below surface. The late Cretaceous Ardley coal zone contains seams up to 10 m thick and is believed to be one of Alberta's most attractive CBM targets. Time-lapse seismic imaging of the coal reservoir may be used to monitor successful storage of the greenhouse gas, track dewatered zones within coal seams, and select locations for development wells.
Successful geological sequestration of CO 2 has been implemented in an aquifer of the Sleipner field in the North Sea. Timelapse seismic monitoring has been effectively used at Sleipner and has demonstrated a heterogeneous CO 2 saturation pattern within the aquifer (Eiken et al., 2000) . Injection of carbon dioxide into the strata has altered the acoustic impedance of the strata, resulting in increased reflectivity within the formation, amplitude variations, and a velocity push-down effect (i.e. increased travel time) for all reflections beneath the top of the aquifer. It is believed similar effects will be noted at the Alberta field study site but on a different scale, based on different thicknesses and properties of sequestering formations at both sites.
Numerical modeling was used to test the viability of time-lapse seismic imaging at the Alberta field test site. Digital dipole shear-sonic, compressional sonic, and density well logs from a number of wells penetrating the Ardley coal zone were used to generate synthetic seismograms before and after CO 2 injection. Density and velocity values through the coal were altered to simulate the effects of dewatering and carbon dioxide injection, after which new synthetic sections were created. The expected change in the seismic response of the coal zone is illustrated by examining the difference between the seismograms.
The exact change in velocity and density values resulting from dewatering and gas injection is not yet well known. For this experiment, velocity and density decreased by 5%. Synthetic seismograms were created using altered density logs with unchanged velocity, altered velocity logs with unchanged density, and altered velocity and density in combination. Physical property tests are currently being conducted on coal samples from the Ardley coal zone, measuring the difference between "wet" and "dry" coal densities and velocities, measuring the V p /V s ratio of each sample, and testing the effects of anisotropy resulting from cleating. It is anticipated that this will result in more accurate values that may be used in modeling studies prior to a field test.
Altering the density values alone results in visible differences in the seismic response of the coal seams due to changes in the acoustic impedance of the coal, but does not alter the response of the surrounding strata. The change in amplitude is small, but detectable (Figure 3) . Examining the synthetic seismograms themselves illustrates a discernable difference in the coal response, the actual magnitude of which is seen in the difference plot. Dewatering and carbon dioxide injection will affect not only coal density, but also velocity. If density and velocity are both reduced by 5%, the difference between original and time-lapse sections (Figure 4 ) is far greater than that of density alone ( Figure  3 ). The reflectivity of the coal seams is altered, and events below the coals are delayed in time, resulting in the differenced section shown in Figure 4 . In this example, the third coal seam in particular shows a strong variation with time-lapse.
Figure 4:
The left-most image shows the same original seismogram as in Figure 3 . This seismogram is also seen in the next image to the right, with slightly different amplitude scaling. The "time-lapse" image illustrates the synthetic seismic response when the coal density values have been reduced by 5% and velocity values have been decreased 5%. Amplitudes are scaled relative to the "Original" plot. The final image is the difference between the original and timelapse sections, displayed at the same amplitude scale. Not only is the coal response changed, but all events underlying the coal are delayed.
Conclusions
Numerical modeling suggests that time-lapse seismic imaging may be effectively used to image the changes in a CBM project in which seams have been dewatered and injected with CO 2 . This modeling provides "proof of concept" prior to a field CBM trial. Time-lapse differencing is effective in imaging changes in reflectivity resulting from changes in density and velocity of coal after dewatering and gas injection. Decreased velocity within the coal zone results in delayed arrival times for deeper reflectors.
